Background
Introduction
Glioblastoma (GBM) is the most frequent type of malignant primary brain tumor and the most lethal type. The standard of care includes maximal safe surgery plus concurrent treatment with temozolomide (TMZ) and radiotherapy followed by maintenance TMZ, what leads to a median survival of 14.6 months [1] .
Since GBM is one of the most vascularized human tumors it was thought that antiangiogenic treatment approaches might offer an alternative or complementary treatment strategy. Specifically, bevacizumab (BVZ), a humanized monoclonal antibody, has been in the spotlight of antiangiogenic approaches for several years [2] .
Three randomized comparative phase III trials, two for newly diagnosed patients (AVA-GLIO {ClinicalTrials.gov number NCT00943826} and RTOG08025 {ClinicalTrials.gov number NCT00884741}) [3, 4] and one for recurrent GBMs (EORTC 26101{ClinicalTrials.gov number NCT01290939}) [5] , reported negative results for the primary endpoint of overall survival (OS) but significant positive results for the BVZ arm in terms of progression-free survival (PFS) and overall response rate (ORR).
Nevertheless, there is a widespread, albeit statistically unsupported, perception that some patients do benefit from BVZ and that a response to BVZ predicts longer survival [6] . In fact, a population-based report highlighted an increase in survival among US GBM patients only attributable to the generalized use of BVZ in the recurrent setting following FDA approval [7] .
Unfortunately, there is no reliable way to preselect patients who are most likely to respond to BVZ. Several studies have examined the possibility of selecting patients based on their molecular profile [8, 9] or on an early detection of response by image analysis [10, 11, 12, 13] .
Preoperative Magnetic resonance imaging (MRI) is routinely used for diagnosis, treatment planning, response evaluation and follow-up. Typical GBM appearance upon diagnosis on MRI consists of an enhancing ring mass with central non-enhancing core of necrosis observed mainly on contrast enhanced T1-weighted images; this is surrounded by an area of signal hyperintensity on fluid-attenuated inversion recovery FLAIR or T2 images representing edema that is well known to contain infiltrated tumor cells.
The areas of signal hyperintensity, were the contrast agent is released, indicate abnormal vessel permeability due to either the breakup of the blood-brain-barrier or the presence of inmature tumoral vessels. Typically, those areas have enhanced perfusion and its presence related to angiogenic processes.
There is an increasing evidence supporting that the geometrical and textural properties of tumors can lead to novel imaging biomarkers of prognosis and response. Pérez-García et al [14] developed a mathematical model predicting a positive correlation between the tumor rim width as observed in the postcontrast T1-weighted MRIs and tumor's aggressiveness. This was later validated on a set of 117 GBM patients [15] . Other works have studied classical geometrical (volumetric) measures obtained from pretreatment T1 images as prognostic "biomarkers" [16, 17] . Also, textural features in brain cancer have been widely studied to investigate their prognostic value [18, 19] , discriminate tumor phenotypes [20] or automatically detection and classification of low and high grade glioma [21, 22] .
The applicability of this kind of analysis to assess response to antiangiogenic treatment has not been put forward before.
In this paper we characterized the geometry and texture of pretreatment contrast enhancing (CE) areas in T1 weighted MRI images and correlated the resulting measures with survival benefits from BVZ. Our goal was to find novel imaging biomarkers predictive of antiangiogenic treatment efficacy in GBM patients.
Materials and Methods Patients
The GENOM009 trial {ClinicalTrials.gov number NCT01102595} was a multicenter, prospective trial of neo-adjuvant therapy including 93 unresected patients with diagnosed GBM [23] . Patients were randomized 1:1 to either the temozolomide (TMZ) or the BVZ (TMZ+BVZ) arm. In the TMZ arm, neoadjuvant treatment consisted of TMZ for 2 cycles and then concurrent treatment with radiation therapy plus TMZ. In the TMZ+BVZ arm, patients received the same regimens but with the addition of BVZ in the neoadjuvant stage and concurrent stage. In both arms, the concurrent stage was followed by a 28-day break in treatment and then by adjuvant treatment with TMZ for six cycles without BVZ. The primary endpoint was investigatorassessed response after the neoadjuvant stage (week 9) according to the Response Assessment in Neuro-Oncology (RANO) Criteria [24] . Secondary endpoints were PFS, OS, 1-year survival among others. Results of this trial have been recently published showing that the addition of BVZ conferred a higher response rate (22.9% vs 6.7%; P<0.001) and greater clinical benefit (60.4% vs 24.5%; P<0.001). These results were confirmed upon centralized blinded review. PFS (4.8 vs 2.2 months) and OS (10.6 vs 7.7 months) were also longer in patients treated with the combination of TMZ+BVZ, though the difference did not reach statistical significance.
The inclusion criteria for this work were: availability of all of the relevant clinical variables (age, overall survival, etc.) and availability of high quality (no movement or other artifacts) pretreatment postcontrast T1-weighted MRIs. Multifocal GBMs and tumors without contrast enhancement were excluded from the study. Overall survival was measured from time of surgery to patient's last contact or death.
High-resolution pre-surgery postcontrast T1-weighted MRIs were available for 53 patients, of which 13 were discarded due to either no contrast enhancement, diffuse data or presence of MRI noise. Therefore, 40 patients complied with inclusion criteria, 17 in the TMZ+BVZ arm and 23 in the TMZ arm. Patients' characteristics are summarized in Table 1 . Table 2 lists patients age [25] , Performance Status, Barthel index [26] , and macroscopic tumor volume [15] for the different subgroups used in this study. There a high similarity between the different groups in terms of classical prognostic variables.
The GENOM-009 trial, including centralized review of imaging was approved by the institutional review boards (IRB) of each participating hospital and subsequently countersigned by the IRB of the Hospital Germans Trias Image analysis. The DICOM files were imported into the scientific software package Matlab (R2015b, The MathWorks, Inc., Natick, MA, USA) and pre-processed using a semiautomatic image segmentation procedure. Segmented tumors were manually corrected by an image analysis expert with four years of experience with GBM MRIs.
Geometrical measures. After the segmentation, a set of geometrical 3D measures were computed automatically [15] . First, we calculated volumetric measures on the reconstructed tumors: the CE volume (V CE ), the volume surrounded by the CE areas or inner volume (V I ) and the total postcontrast T1 tumor volume (V = V CE + V I ). In most of the cases the inner volume corresponds to necrotic areas. Also the maximum tumor diameter in 3D (d max 3D) and some measures of the tumor surface irregularity were computed. The average size for the CE rim was called spherical rim width (δ s ) because it can be obtained from a spherical approximation of the total and CE volume, using the formula
In order to characterize the structure of the CE rim we constructed the surfaces enclosing the CE areas (inner and outer). For every point in these surfaces the minimal distance to the other surface was computed, providing a set of distances, that was used to construct histograms of rim sizes. This histogram was characterized by many measures (median, mean, positions of the quartiles, etc). Of them, the most relevant found was the geometric heterogeneity of the CE rim width (G H ). This is defined as the difference between the values of the quartile 4 and 3 of the distribution of the CE rim widths divided by the quartile 4, i.e.
The geometric heterogeneity uses the difference between the values of quartiles 4 and 3, i.e. the size of the region of the most asymmetric distances of the tumor, divided by the longest rim width in the tumor. This is a normalized measure of the tumor's asymmetry that gets values in the range [0, 1]. Fig 1A) corresponds to a heterogeneous tumor with a broad range of distances between the inner zones and the outer part of the CE rim. The second case (Fig 1C) corresponds to a geometrically more regular tumor. Fig 1B and 1D show their respective associated histograms of distances, from where the geometrical heterogeneity is computed. The presence of both large and small distances leads to more dispersed histograms, thus larger G H (Fig 1B) . More regular tumors lead to lower dispersion of widths and smaller values of G H (Fig 1D) .
Heterogeneity measures. A set of 16 3D heterogeneity textural measures was also computed automatically using Matlab software. The measures considered are based in the classical co-occurrence [27] and run-length matrices [28] . Co-occurrence matrix is a classical tool for heterogeneity computation providing information on local heterogeneity by describing the arrangements of pairs of elements (voxels) within the tumor. The run-length matrix characterizes groups of voxels within the tumor to provide information on regional heterogeneity. Table 3 lists the textural features considered.
Statistical methods. To identify geometric parameters associated with prognosis we used Kaplan-Meier plots and log-rank analysis. A 2-tailed significance level (p-value) of p<0.05 was applied. We tried to find measures separating patient populations in two groups with significant differences in terms of survival. To do so we: (i) computed the p-values for the full range of thresholds of each variable considered in the study, (ii) accepted only thresholds that separated the populations on reasonably-sized subgroups, and (iii) looked minimum p-values located in low p-value regions of the parameter space (in order to discard purely statistical fluctuations). For each population splitting, we computed the hazard ratio (HR) as an indicator of risk by using a single-variable Cox proportional hazards regression analysis.
In order to identify measures with similar information, we computed the correlations between the significant variables of the previous analysis. Because of the normality analysis, Spearman's correlation coefficient was considered to study the relation between independent quantitative variables. Correlation coefficient values <0.1 were taking as indicators of no correlation between the variables while values >0.7 were taken as indicators of strong correlation between the variables.
Results
We segmented and geometrically analyzed brain imaging datasets belonging to the 40 patients included in our study (Table 1) . By means of Kaplan-Meier analysis, we first compared survival of patients receiving TMZ+BVZ with those only receiving TMZ. While there seems to be a better survival for patients in the TMZ+BVZ arm, the result was statistically non-significant (p = 0.107) for the subset of patients from the Genom009 trial included in this study, what is in line with the clinical trial results.
Next, we studied the geometrical and heterogeneity measures described in the methods section using Kaplan-Meier curves and Cox proportional hazard analysis. Patients were split into subgroups as described in the methods section. Table 4 summarizes the results for the different population splits using the mean, the median and the optimal thresholds used for each significant variable. Thresholds were computed for the BVZ group and then the statistical analysis was performed for both arms.
The best thresholds for V, V I , V CE and G H were found to be 5 cm 3 (p = 0.019), 2.5 cm Table 4 ). The increases in the median survival times for the favorable subgroups were of 19.72 months (V<5 cm 3 , Fig 1. Visual examples of two tumors with different geometric heterogeneities. The first case corresponds to a rim-heterogeneous tumor (Fig 1A and 1B) , having large geometric heterogeneity. The second case is a geometrically regular tumor (Fig 1C and 1D) , with smaller geometric heterogeneity. Fig 2C, 2E , 2G and 2I show Kaplan-Meier survival curves for the significant variables of our study. The three different volumetric measures considered (V, V I and V CE ) led to the same population splitting and thus the same Kaplan-Meier curves (shown in Fig 2C, 2E and 2G ). This is due to the limited number of patients in the study and high correlation between the volumetric features. We also show the best threshold for the age (Fig 2A) although this variable was only marginally significant in our study. In order to discard purely statistical fluctuations, we studied the same computed thresholds on the TMZ only arm. Fig 2B, 2D , 2F, 2H and 2J show the corresponding Kaplan-Meier survival curves. The next step in our analysis was to compare patients having the same geometrical characteristics and study whether BVZ provides any significant benefits. To do so, for each variable found to be significant in the previous analysis, we separated the initial 40 patients between those being above or below the selected best threshold. Then, we used Kaplan-Meier analysis to compare patients in both trial arms. Fig 3 summarizes our results .
The outstanding feature of this analysis was the contrast enhancing rim geometric heterogeneity G H (Fig 3I and 3J) . Patients having a small G H had a significant strong benefit from BVZ (p = 0.011, Fig 3I) with a median survival difference of 15.88 months. On the other hand, patients with large G H (p = 0.930. Fig 3J) did not present any benefit from BVZ.
The necrotic volume V I also showed significant results in terms of survival (Fig 3C and 3D ). Patients having a small V I strongly benefited from BVZ (p = 0.047, Fig 3C) with a median survival of 15.52 months. On the other hand, patients with large V I (p = 0.328. Fig 3D) did not present any benefit from BVZ.
As next step, we computed the Spearman's correlation coefficient and the associated p between all significant variables (Table 5) . It is relevant to point out that the volumetric variables (V CE , V I , V) were mutually correlated and weakly (but significantly in most cases) correlated with the geometric heterogeneity G H . Table 6 shows the computed values of the geometric heterogeneity and the necrotic volumes for all patients included in this study, together with their overall survival and O(6)-Methylguanine-DNA-methyltransferase (MGMT) status. Patients in the first part of the table (those taking only TMZ) having large overall survival could be mostly identified by the presence of the MGMT methilation, due to its relation with the response to temozolomide. On the other hand, patients in the BVZ group (second part of Table 6 ) with long survivals were strongly identified by G H .
Discussion
Personalized medicine is becoming one of the major research topics in medicine and specifically in oncology [29] . Researchers have discovered genes that harbor variations contributing to human cancers, identified genetic variability in patients' responses to different treatments, and begun to target the causes of some tumors. This requires the use of diagnostic tests able to predict patients' responses to the therapies. Imaging biomarkers in different types of cancers [30, 31] and specifically in GBM [32, 33] are receiving a lot of attention recently as an alternative or complement to the more 'standard' tests based on genetics or other molecular mechanisms.
Experimental data indicate that the most important angiogenic signaling pathway in gliomas involves the vascular endothelial growth factor (VEGF) and its receptor VEGFR-2. BVZ is a human recombinant monoclonal antibody specific for the VEGF ligand that is being used to treat recurrent GBM in spite of the scarcity of direct evidence of increased survival with such treatment compared to other existing alternatives [34] .
Imaging biomarkers have been found in GBM to determine prognosis [15, 19, 32, 33, 35] and to assess the response to antiangiogenic therapies [36] . Specifically, to distinguish progression from pseudoprogression or to provide early indications of treatment response in recurrent GBMs [12, 13, 31] .
Our goal in this study was to test if a set of geometrical [15] and heterogeneity [19, 27, 28] features obtained from pretreatment postcontrast T1 weighted MRIs, some of them found previously to have a prognostic value, were predictors of response to antiangiogenic therapies.
When the group of patients receiving BVZ was considered, and for several geometrical variables, we found thresholds splitting this group into subgroups with significant differences in survival. When the same threshold was found to split the population of patients receiving only TMZ there were no significant differences between both subgroups. This means that the thresholds found are not just indicating a better prognosis group for the whole GBM patient population but instead reflecting a different response to the therapy in the different groups.
The analysis developed points out to two geometric parameters: the necrotic volume V I and the geometric heterogeneity G H as potential predictors of BVZ effectivity. Due to the limited number of patients available V I was only marginally significant what points out the need for further prospective studies.
It is remarkable that patients with small values of the geometric heterogeneity of the contrast enhancing rim, in many cases being the same ones as those with small necrotic volumes, were the ones having more benefits from therapy. These tumors (small G H and V I ) display uniform contrast enhancement and small necrotic cores with rounded shapes. It has been demonstrated using mathematical models that that harsh tumor microenvironment conditions exert a dramatic selective force on the tumor, which grows as an invasive mass with fingering margins, dominated by a few clones with aggressive traits [37] . In the specific case of GBM those conditions arise after hypoxic events, that lead to the generation of necrotic areas and the acceleration of tumor growth and the development of more aggressive and infiltrative phenotypes [38, 39] . Thus, in line with recent mathematical models [14] , we think that these tumors are probably in the early steps of their natural history and are still more dependent on angiogenesis for their development.
In contrast, mild microenvironment conditions allow clones with similar aggressive traits to coexist with less aggressive phenotypes in a heterogeneous tumor mass with smooth, noninvasive margins [37] . Thus, the genetic make-up of a cancer cell may realize its invasive potential through a clonal evolution process driven by definable microenvironmental selective forces. The presence of necrosis and/or large values of the geometric heterogeneity would be a macroscopic reflection of these microscopic processes. Indeed, the mesenchimal GBM subtype is known to generate large necrotic areas, have higher infiltration and could be less dependent on angiogenesis than tumors with the proliferative molecular subtype [40] . For our patients genomic data was not available but it would be very interesting to correlate these macroscopic features with genomic data on the light of the GBM molecular classification.
As mentioned before, the main limitation of our study is the small number of patients, due to the restrictive inclusion criteria imposed. Specifically, high resolution images (3D T1) are necessary to obtain reliable values for the geometrical parameters in general and very specifically to compute G H . This is why Genom009 was a good candidate trial to include its patients in our study, since neoadjuvant treatment (BEV and TMZ or TMZ) was administered as firstline treatment before radiotherapy, thus, removing the effects of radiotherapy over the blood brain barrier that produce secondary changes in contrast enhancement and difficult the response assessment as the study was performed over basal, pretreatment MRI. A prospective study design with high resolution images, in agreement with current recommendations [41] , is necessary to confirm the potential clinical applicability of the imaging biomarkers defined here.
Conclusions
Two geometrical features obtained from high resolution postcontrast and pretreatment MRI T1-weighted images were predictive of benefit from BVZ: the geometric heterogeneity of the contrast-enhancing rim and the necrotic volume. Our results suggest that this drug may have a substantial potential benefit on a subset of patients with tumors having regular geometries or very small necrotic volumes. The measurement, study and validation of these characteristics may be key to plan treatment and predict response and evolution of GBM patients. A prospective study is necessary to corroborate our results.
